Mouse models have been widely used in atherosclerosis research and related therapy development. However, data suggested that it was difficult to translate discovery in mice to human. Thanks to the fast development and optimization in gene editing technology, atherosclerotic models in rats generated recently provide more options for different studies and could make a difference to the situation which is exclusively dependent on mouse. Here we reviewed novel rat models for atherosclerosis generated through genetic approaches in recent years, including Ldl receptor (Ldlr) and apolipoprotein e (Apoe) knockout rats. The phenotypes in hyperlipidemia, atherosclerosis, as well as related inflammatory responses, were compared. These models developed typical atherosclerosis. More importantly, some of them present certain advantages over mouse models. These not only provide novel options for animal models of atherosclerosis, but also will benefit future investigations of atherosclerotic pathology and anti-atherosclerotic therapeutics.
Introduction
Atherosclerosis is not only the pathological basis, but also a pre-symptom of most cardiovascular diseases. Animal models of atherosclerosis have greatly increased our understanding of this disease. Among them, mouse models have been the most extensively used and provided invaluable data for the understanding of atherosclerosis initiation and development. However, the translation of discovery from mice to humans has been slow. Sometimes a drug which have been proved to be effective in mice was not effective in human. This problem seriously hindered the progress of drug development in atherosclerosis, mainly due to the difference in pathogenesis between mouse and human atherosclerosis 1 . Most severe clinical consequences of atherosclerosis in human usually arise from lesions in the coronary and cerebral arteries, whereas typical atherosclerosis in mice is induced by hypercholesterolemia and lesions mostly happen in the aorta root, aortic arch and proximal great vessels 2, 3 . Atherosclerosis in human is accompanied with intimal-thickening in early lesions and thick fibrous cap later, but these normally do not happen in mice 4 . Another important issue is, men usually have an earlier onset of clinical plaque burdens 5, 6 , whereas in mouse, atherosclerosis phenotypes were more prominent in females [7] [8] [9] . In addition to the above discrepancy between mouse models and human disease, species-dependent effects might compromise the reliability of research data which were exclusively obtained from mouse models and this will also limit identification of unique features in human disease. Therefore, it is necessary to develop novel models for atherosclerosis in order to gain comprehensive understanding of development and promote further therapeutic studies of atherosclerosis.
Rat has been used as a model animal for over 100 years. Certain characteristics of lipid metabolism in rats are in-between those of humans and mice 10 . In addition, rat has advantages especially in studying cardiovascular diseases 11, 12 . Compare to mouse models, rats have benefit as for easier in blood collection, dissection of blood vessels, etc. Furthermore, rats have a lower cost compared to larger animals like pigs and rabbits for purchasing, feeding and maintenance. However, rats are generally hypo-responsive to dietary cholesterol. Hyperlipidemia and atherogenesis were more easily induced by cholic acid or thiouracil containing high cholesterol and high fat diets 13, 14 . Other treatments including chemical induction and mechanical trauma of the arteries have also been used to induce arterial lesions 15 . Sometimes combination of these strategies had to be used such as combining partial ligation of carotid artery with feeding a high fat diet 16 . Rats as animal models had one major disadvantages till recently, which is difficult in gene deletion using a gene targeting technology. Along with the fast development and optimization in gene editing technology, targeted gene deletion in rats has become easier and more common 17, 18 . More and more labs are attempting to establish rat models to overcome certain limitations of mice, including our lab. In this review we mostly focus on novel rat models for atherosclerosis generated by genetic modification in recent years, and pay more attention to those models that are valuable for understanding atherosclerosis mechanism and evaluating anti-atherosclerotic treatments.
Both Ldl receptor (LDLR) and apolipoprotein E (ApoE) participate in the transport of cholesterol-rich lipoproteins. While Apoe deficiency in human is rare, Ldlr deficiency in human is related to hypercholesterolemia and the higher risk of atherosclerosis and coronary disease 19, 20 . These patients develop arterial lesions which share some of the characteristics of the mouse lesions, including lesions in the aortic valves and aortic root. Both Apoe and Ldlr knockout (KO) mice have become the most used animal models of atherosclerosis since early 1990s 21, 22 . It was estimated that the proportion of atherosclerosis studies using these two models reached up to 80 percent of all the atherosclerosis studies using mouse models 6 . Here we will take a look at corresponding rat models first.
Apoe deficient rat models
Up to now, only three papers related to atherosclerosis in Apoe KO rats have been published. One reported occlusal disharmony accelerated atherosclerosis in Apoe KO rats, but only showed very early signs of lipid deposition and atherosclerosis 23 . Another Apoe KO rat was generated via the transcription activator-like effector nuclease (TALEN)-mediated technology. It displayed a typical proatherogenic dyslipidemia when fed on a high-cholesterol diet, but failed to develop atherosclerotic plaques. The authors stated that the Apoe KO rat was different from Apoe KO mice as the rat was resistant to hyperlipidemia-induced inflammation and did not develop typical atherosclerosis. Instead it was found to develop atherosclerotic plaques in partially ligated carotid arteries 24 . Until this year, our lab became the first to report typical atherosclerosis development in CRISPR/Cas9 generated Apoe KO rats. Our work showed that the Apoe KO rats we established in Sprague Dawley (SD) rats could effectively develop typical hyperlipidemia and plaques resemble disease in human 18 . The Apoe KO showed a decreased high-density lipoprotein cholesterol (HDL-c), but markedly upregulated total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-c) levels. Hyperlipidemia induced by Apoe deficiency in our rats promoted endothelial inflammation by increasing atherosclerosis-related adhesive and inflammatory gene expression and led to typical atherosclerosis. The mutant developed primary atherosclerotic lesions even when fed on a normal diet, while Western diet dramatically exacerbated atherosclerosis. After 40 weeks on Western diet, the en face aortas of mutants showed a heavy plaque burden. After 64 weeks Western diet, more severe atherosclerotic plaques widely distributed throughout the arterial tree including the carotid arteries.
Since the above Apoe mutations were generated in SD rats, the differences might result from different deletion sites, analytical methods or observation time. For example the TALEN-Apoe KO carried a deletion of 14 bp in exon 3 while in ours 130 bp were deleted in exon 4 of Apoe gene. In addition, they only observed up to 18-20 weeks of age which might be too short. Results from our Apoe KO rat support the notion that atherosclerosis is developed mainly from hyperlipidemia 25 , and differ from the previous suggestion that rat could not develop typical atherosclerosis. The CRISPR/Cas9 Apoe KO rat provided a suitable option for atherosclerosis research, and it has the benefit that the lesions in males were slightly heavier than that in females, not the opposite as in mouse models. In addition, these mutant rats developed atherosclerotic lesions when fed on normal diet which caused a less extreme lipid alteration. Thus CRISPR/Cas9 Apoe KO rat model could be suitable in evaluating regulatory effects in atherosclerosis of certain genes with no impact on lipid metabolism 26 .
Ldlr deficient rat models
The first functional knockout rat (F344/Slc) for Ldlr was reported in 2012 as a result of N-ethyl-N-nitrosourea induced missense mutation in exon 4.The homozygous mutant fed a normal diet showed higher levels of TC and LDL-c. When fed a Western diet, the mutant rats exhibited severe hyperlipidemia and significant lipid deposition all over the aortas. Females displayed more severe atherosclerotic lesions than the males which was the same as in mouse models, but opposite to human 27 . Then a paper in 2016 reported the generation of a Ldlr KO rat with a 19 bp deletion in exon 7 via Zinc-finger nuclease (ZFN) technology. There was elevated TC, TG, LDL-c and VLDL-c in the plasma of the mutant, although no alteration in blood glucose and free fatty acids. The authors stated it did not develop arterial plaques when fed on a normal diet, although no related data was presented 28 . Another Ldlr KO rat generated in 2017 also by ZFN was reported to develop obesity and atherosclerotic plaques when fed on a Western diet 29 . Using the CRISPR/Cas9 technique, we generated Ldlr KO rat model in SD background. The mutant rats developed critical features presented in human atherosclerosis, including marked hyperlipidemia, different stages of atherosclerotic lesions and liver steatosis. The plasma lipoprotein profile from mutant rats maintained on normal diet showed elevated cholesterol in the VLDL fraction. Western diet greatly aggravated dyslipidemia, inflammation and atherosclerosis. After 40 weeks on Western diet, the en face aortas of the mutant rats displayed heavy plaques.
The characteristics of hyperlipidemia and atherosclerosis were quite similar between the ZFN-Ldlr KO generated in 2017 and our Ldlr KO rats. However, there were still some distinctive differences. While HDL in our Ldlr KO rats was increased as compared to that in WT rats, the level in ZFN-Ldlr KO was decreased. Also, while no significant lesion was found in the ZFN-Ldlr KO rat on a normal diet, we observed early lesions in normal diet fed CRISPR/Cas9 Ldlr KO rats. This is probably associated with the higher inflammatory responses due to LRPs deficiency which was not found in the ZFN-Ldlr KO model. In addition, the ZFN-Ldlr KO rat was obese and had glucose intolerance, which was a surprise even for the authors 29 . Both of these phenotypes were not observed in our Ldlr KO rats. In fact, there was no change in body weight and glucose tolerance in Ldlr KO mice 30, 31 , also not all patients with familial hypercholesterolemia are obese or glucose intolerance. These two Ldlr deletion mutants were both generated in SD background, and used similar diets. However, there was a moderate difference in deletion sites. While the deletion in our mutant was 118 bp in exon 4, in the ZFN-Ldlr KO rat it was 337 bp at the junction of intron 3 and exon 4. It is tempting to speculate that certain regulatory element exists in intron 3.
Other genetically modified rat models
Apoe/Ldlr double KO rat By cross-breeding Apoe KO and Ldlr KO rat, we also generated double KO rats and investigated their phenotypic characteristics in hyperlipidemia and atherosclerosis. Most of the phenotypes were similar to both of the single KO rats, including a severe hyperlipidemia and redistribution of cholesterol in different lipoprotein fractions. Western diet also dramatically exacerbated hyperlipidemia and atherosclerosis. 40-weeks feeding on a Western diet led to a heavy burden of lesions in aortas of the mutants. After 64 weeks on the Western diet, the lesion area in aortas reached up to 30 percent. However, the most interesting point was that the double KO displayed a markedly higher atherosclerotic plaques in males than in females 18 , similar to the profile in human disease 5, 6 . In addition, although no significant difference was found between the double KO and single KO rats, it seems macrophage infiltration was more prominent in the double KO rats 18 .
JCR:LA-cp strain
The JCR:LA-cp strain was established from the original Koletsky colony, a mutation in a rat line originated from a cross between SD and spontaneously hypertensive rats 32 . It has a spontaneous mutation of cp, maintaining insulinresistant and atherosclerosis-prone characteristics. Studies by both scanning and transmission electron microscopy exhibited extensive atherosclerotic plaques all over the arterial system of male mutants 33 . The lesions resemble human atherosclerosis.
Human CETP transgenic rat
Although transgenic rats were generated since the 1990s 34 , few transgenic rats have been shown to produce atherosclerosis. However, a rat overexpressing human cholesteryl ester transfer protein (CETP) in a Dahl saltsensitive hypertensive strain did produce atherosclerosis 35 . It was reported that the male rats fed normal diet showed age-dependent hyperlipidemia and atherosclerotic lesions. More importantly, they also developed myocardial infarctions and showed decreased survival. These rats showed quite different phenotypes from various mouse atherosclerosis models, indicating the necessity for complex disease modeling in different animals. It has to be kept in mind though, that there is some limitation for transgenic animals as gene integration might occur at random sites and the transgene could present multiple copies of the specific gene.
Conclusions
Atherosclerosis is a complicated disease which proceeds at different paces at different situations and blood vessels. Although useful and convenient, the present mouse models clearly are not enough for in depth investigation of atherosclerosis initiation and consequences. So, new animal models are needed for the discovery of optimal treatment of this chronic disease. The growing number of rat models is part of the effort in this direction.
As a chronic inflammatory disease, various cell populations participate in development of atherosclerosis. Activated endothelial cells express adhesion molecules that attract blood cells into the vessel wall. Monocytes are among the most presented cells migrating into the intima. They differentiate into macrophages and present antigens to activate other immune cells through secretion of a variety of cytokine and growth factors 36 . The Ldlr and Apoe single or double KO rats obtained in our lab exhibited significant inflammation in the initiation with the mononuclear cell infiltration in the aortic intima and macrophage accumulation in the later stage of lesions, with more prominent macrophages presented in double KO as compared to single KO rats. Thus in these rat models immune responses were directly linked to the metabolic disturbance and pathogenesis of atherosclerosis, mimicking the situation in human. They would be useful in the investigation of inflammation, lipid deposition and different stages of atherosclerosis.
In humans, men usually develop earlier and heavier atherosclerotic plaques than women 5, 6 , which is not manifested in mouse models. Among rat models, the F344/ Slc Ldlr KO displayed heavier atherosclerotic lesions in females than males, which is opposite to the human disease 27 . No related data was provided in JCR:LA-cp strain and CETP transgenic rats, although males were used in the reports 33, 35 . Interestingly, CRISPR/Cas9 generated mutant rats especially the Apoe/Ldlr double KO displayed a sex difference profile more similar to human, in which males had heavier plaque burdens than females 18 . These models will greatly benefit future development of more powerful therapeutics for this widespread disease.
It is foreseeable that more and more rat models with defined genetic makeup will be generated thanks to the growing power of genetic editing and the sequencing of rat genome. Rat model will become an excellent option for atherosclerosis and related studies. The increased availability and utilization of rat models generated by genetic manipulation will greatly add to the wealth of experimental data in the understanding of human translational investigations, such as the elucidation of the detailed mechanism and of action of clinical treatments.
